In this study, Al-2.5Mg alloy was prepared with different cold rolling reductions, and then friction stir processing (FSP) was performed to investigate the effect of prior microstructure variations on friction stirred materials. The experimental results indicate that the FSP specimens not only had better tensile properties but also better vibration fracture resistance, which would be expected from the microstructural refinement which resulted from the phenomenon of dynamic recrystallization. The stress-elongation curves of all specimens showed the serrated yielding. The higher grain boundary introduced by FSP could hold the mobile dislocations long enough to let Mg atoms form atmospheres around them. Consequently, the effect serration magnitude was more significant on the specimens which were given FSP. This can be ascribed to the grain refinement and the resulting increase of the boundaries which is the main source of obstacles. In addition, the vibration fracture resistance of the FSP specimens shows that the duration of stage I decreases with increasing the prior deformation rate before FSP.
Introduction
Friction stir processing (FSP) is an emerging surfaceengineering technology that provides the ability to thermomechanically process selective locations on a structure's surface and to some considerable depth (>25 mm) to enhance specific properties. 1, 2) This is accomplished by modifying technology developed for friction stir welding (FSW). 3, 4) FSP uses the same methodology as FSW, but FSP is used to modify the local microstructure and does not join metals together. [5] [6] [7] In general, friction stir processing can produce fine recrystallized grains in the friction stir zone due to the phenomenon of dynamic recrystallization.
Al-Mg alloys, which are classified as non-heat treatable and of moderate high strength, have a great potential for microstructural evolution by deformation processing and thus for better mechanical properties. 8, 9) In particular, Al-2.5Mg alloys have already been used in transportation systems which can experience abnormal vibrations, and hence severe fracture problems occur when the applied vibration frequency meets the resonance. 10, 11) Our previous report 12) confirmed that the Al-Mg alloy can acquire better mechanical properties after friction stirring. In addition, previous reports have pointed out [13] [14] [15] the higher densities of dislocations and grain boundaries introduced by pre-strain can raise the strength and the ability for absorbing the vibration energy, and consequently improve the crack propagation resistance of Al-Mg alloys. However, the effect of pre-strain on vibration properties of friction stirred Al-Mg alloys is still not clear. In this investigation, we aim to clarify the effect of prior deformation of 5052 base metal on the microstructural features, tensile properties and vibration fracture resistance through dynamic recrystallization in the stir zone.
Experimental Procedures
Al-2.5Mg substrate was slit from a 5052H112 rolled plate (2.58 mass% Mg, 0.26 mass% Fe, 0.21 mass% Cr, 0.15 mass% Si and 0.1 mass% Mn) and prior deformation samples with different cold rolling reductions (12, 25 and 50%) were prepared for friction stirring (a schematic illustration of FSP is shown in Fig. 1) . A single pass FSP was performed with the tool rotation speed set at 2300 min À1 , the tool moving speed 160 mm min À1 , the tool angle 1.5 , and the downward push force 19.6 MPa. In this study, the friction stirred specimens are designated as ''FBM (base metal) and F-O (fully annealed)'' hereafter, and the prior cold rolled specimens will be designated as ''PDF12 (12%)'', ''PDF25 (25%)'' and ''PDF50 (50%)'', respectively. Fig. 1 Schematic illustration of the friction stir process (FSP).
Moving Direction
In addition, the substrates before FSP are designated as ''BM and O'', and the specimens which did not undergo FSP, but with different cold rolling reduction, are designated as ''PD12'', ''PD25'' and ''PD50'', respectively.
Using the Vickers indenter with 0.98 Nf load for 15 s, the microstructural imhomogeneity of all friction stirred specimens was observed. Their microhardness profiles along the cross section of the stirred specimens are in the manner described in Fig. 2 , however slight differences can be recognized in the stir zone region. Nevertheless, it should be noted that even slight variations in microhardness can cause significant changes in fracture resistance. Consequently, in the following tensile test, in order to eliminate the influence of advancing or retreating microstructure, specimens were cut entirely from the stir zone. The strain rate was fixed at 8:3 Â 10 À4 s À1 , and the dimensions of the tensile test specimens are shown in Fig. 3 . Figure 4 schematically depicts the vibration test with a specimen clamped on a vibration shaker under a specific resonant frequency given in Fig. 4(b) . Figure 4 (c) also schematically depicts the vibration set-up. V notches adjacent to the clamp were made to confine the resonance to the stir zone. Deflection of the specimen at the other end opposite the vibration shaker was measured by a deflection sensor. In order to determine the resonance frequency which led to the largest deflection, the vibration frequency was scanned continuously as shown in Fig. 4(b) .
The resonant frequencies for all the stirred specimens were detected to be within the range of 43 AE 1 Hz, however, in all the rolled specimens, the resonant frequencies were slightly shifted to 42 AE 1 Hz. All the test specimens had been surface finished by polishing with 0.3 mm alumina slurry, so that the crack propagation path could be observed by an optical microscope equipped with an image analyzer. Quantitative data of crack tortuosity was determined by the method shown in Fig. 5 . Then the crack tortuosity value can be defined as the main crack length divided by the projected crack length along the notch direction. The projected crack length is parallel to the tip direction of the two V-notches (i.e., the notch on the stir zone is indicated in Fig. 4(a) ). In addition, to measure the crack propagation rate, the vibration test was temporarily stopped after each one minute of vibration testing.
Results

Effect of prior deformation rate of substrate on
friction stirred specimens Figure 6 shows two typical metallography images of the friction stirred specimens. Both of them, as well as other friction stirred specimens, reveal a very similar microstructure with fine equiaxed grains and microhardness ( Fig. 2 ) in the stir zone resulting from the phenomenon of dynamic recrystallization. The hot rolled base metal (BM) before FSP, as shown in Fig. 6 (a), and the cold rolled sample with a different prior deformation rate before FSP (PD25), as shown in Fig. 6 (c), both exhibit a comparatively prolonged grain structure. Figure 7 shows the stress-elongation curves. All the friction stirred specimens exhibit a similar serrated yielding behavior. A slight difference in serrated flow can be recognized. The onset strain and intensity of the serrated flow will be further examined in the discussion section. Though very little difference can be recognized to confirm the effect of the prior deformation rate on tensile properties among these five friction stirred specimens, nevertheless the difference in tensile properties between the BM and FSP samples can be easily proven by comparing the results shown in Fig. 7 and Table 1 which reveal that the grain refinement by FSP is very effective in enhancing elongation.
Effect of prior deformation rate of base metal on
vibration fracture resistance of friction stirred specimens Since fatigue properties are strongly dependent on microstructure, even an insignificant microstructure evolution in the friction stirred zone can be elucidated by examining the crack propagation behavior. Consequently a vibration test was conducted to explore the effect of prior deformation on friction stirred materials pertaining to the dynamic recrystallized grain. Unit: mm FSP, a lower crack propagation rate was also acquired due to the strain hardening effect. Because prior deformation can induce a large number of dislocation tangles in Al-Mg base metal which can improve the matrix strengthening factor, this is able to reduce the crack propagation rate as shown in Fig. 9(b) . The result can be further quantitatively compared by calculating the crack tortuosity data as shown in Table 1 .
The crack tortuosity value decreases with increasing the rolling reductions. Consequently, the matrix strengthening by prior deformed Al-Mg alloy can be regarded as the main factor which improved vibration life of the base metal used in this study under a constant initial deflection amplitude. in Fig. 8(a) . On the other hand, Figure 8 (c) indicates that the BM specimens had the lowest initial deflection amplitude, while the PD50 specimen had the highest. This data can be further compared with the specimens with different prior deformation rates, as shown in Table 1 . In this study, to avoid the effects of the damping capacity of the materials, the vibration force (increase or decrease) of the specimens was controlled to acquire an identical initial deflection amplitude. This allowed us to measure the duration of the D-N curves under constant vibration strain conditions (i.e. identical initial deflection conditions). As a result, for all specimens tested under an identical deflection of 6.5 mm, a significant difference can be recognized in the duration of Stage I of the D-N curves (Fig. 8) . Figure 8 (b) shows a slight difference in the duration of the FSP specimens. It should be noted that the FSP specimen prepared by fully annealed base metal clearly possesses a longer duration.
Our previous study 8) confirmed that Al-2.5Mg specimens experienced a deviation of the actual vibration frequency from the resonant frequency when the deflection amplitude was decreased from the maximum value that resulted from the effect of reducing the cross-section area of the test specimen. Therefore, the vibration life in this study can be suitably defined as the number of vibration cycles when the deflection amplitude reached the maximum value (i.e. the above-mentioned duration of Stage I). For the friction stirred specimens under an identical initial deflection of 6.5 mm, a slight difference can be recognized in their crack propagation rate as shown in Fig. 9(a) . From the above results, the F-O and FBM specimens exhibited greater vibration fracture resistance than the other PDF samples. On the other hand, the effect of strain hardening also played an important role in the crack propagation rate when the as rolled specimens were tested under a constant initial deflection amplitude as shown in Fig. 9(b) .
Furthermore, the vibration fracture features can also be examined by observing the fracture surface. Figure 10 shows the stirred specimens all with a faceted fracture pattern. Figures 10(a) and 10(b) reveal differences in the FBM and BM specimens. Severed slip bands can be observed in the BM specimen, which resulted from the larger grain size. For the PD50 specimen, slip bands also gave rise to smooth crystal planes typical of the FBM specimens as shown in Fig. 10(a) . However, little difference can be recognized between FBM and PDF50.
As for the vibration fracture resistance, the crack propagation behavior will be influenced by microstructural variations. Figure 11 reveals that there are significant differences in the crack propagation behavior between the specimens which were given FSP and those which were not. Furthermore, from observation of the main cracks on the etching specimens of the stirred and unstirred samples, few differences were recognized, as illustrated in Fig. 12 . The results can be further compared with the critical number of vibration cycles as shown in Fig. 8(b) . Except for the F-O and FBM specimens, the other friction stirred specimens exhibited similar vibration fracture resistance under a constant initial deflection of 6.5 mm. The reason why the F-O and FBM specimens possessed better vibration fracture resistance will be discussed later.
Discussion
Many previous studies [16] [17] [18] concluded that the serrated yielding is a result of dynamic strain ageing-the dynamic interaction between mobile dislocations and solute atoms. However, strain rate, temperature, grain size and stored strain energy also contribute to the formation of serrated yielding. In this study, the temperature and strain rate were identical, and consequently other parameters such as grain size or stored strain energy might have played a major role in the plastic deformation behavior. According to previous studies, 19, 20) a material with a rolled structure possesses serration anisotropy, whereas a fully recrystallized material does not. This implies that the application of various rolling reductions may result in variations in the serration magnitude (Á). In addition, the smaller the grains, the greater the number of grain boundaries along the line of the mobile dislocations and therefore the greater the number of dislocation tangles that are strong enough to hold the mobile dislocations long enough to let Mg atoms form atmospheres around them. 20) This effect causes smaller grain specimens to possess larger stress drops. Figure 7 shows the serrated yielding behavior for all specimens. However, all the FSP specimens possess a similar serrated yielding, even the specimens with severe prior deformation before FSP (PDF50). This can be ascribed to the grain refinement and the resulting increase of the boundaries which is the main source of obstacles. Comparing the BM (base metal) and FSP specimens, though little difference can be recognized in the tensile deformation resistance, it is reasonable to suggest that the dynamic recrystallized fine grains and higher dislocation density (Fig. 13) played an important role in the average serration magnitude and the onset strain of serrations. 21) Meanwhile, the resonant vibration characteristics of the specimens can be identified from their D-N curves (deflection amplitude vs. number of vibration cycles) which can be generalized into two stages as indicated in Fig. 8 . An increase in work hardening raises the effective elastic modulus in the stage I region, and the deflection amplitude then increases due to the decrease in damping capacity. 22, 23) This work hardening stage is designated as stage I, and the vibration fracture resistance can be considered as being strongly dependent on the duration of stage I. For vibration cycles beyond this stage I region, there is a drastic decrease in deflection amplitude which can be designated as stage II, which results from the inward propagation of major cracks and the deviation of the actual vibration frequency from the resonant frequency. 23) It is reasonable to suggest that the severe dislocation tangles introduced by cold rolling reduction strengthened the matrix resulting in a greater vibration fracture resistance. Our results confirm that a strengthened matrix resulting from prior deformation is more effective in improving vibration fracture resistance than a recrystallized matrix resulting from FSP.
When the vibration push force of the FSP specimens was controlled to obtain an identical initial deflection amplitude as shown in Fig. 8(b can explain the abovementioned effect. However the F-O specimen possessed the longest duration. Based on experimental data as shown in Fig. 8(b) , a larger prior deformation rate before FSP tends to decrease the duration of stage I. This implies that the microstructural feature of the dynamic recrystallized grain was affected by prior deformation. 24) Figures 13(b), 13(c) and 13(d) show that the sub-grain size of the FSP specimens increased and the dislocation density slightly lowered as the prior deformation rate increased. It is reasonable to suggest that the friction stirred samples experienced a few thermal cycles after friction stir processing which resulted in the dislocation density decrease and subgrain growth. The prior deformation of the FSP specimens played an important role in the shortening of duration and hence an increase in maximum deflection amplitude, which can be attributed to an increase in stored strain energy.
Observation of the crack propagation behavior revealed no slip band cracking in the vicinity of the main crack in the crack propagation path in any of the friction stirred specimens. In addition, after FSP was performed the microstructural features of all the FSP specimens were very similar (a random distributed orientation) 25) in spite of significant differences in the prior deformation rate. This is why the crack tortuosity values of the FSP specimens were slightly different.
Conclusions
According to the experimental results discussed in the previous sections, the following conclusions can be drawn: (1) Friction stirred specimens exhibited similar microstructures with fine equiaxed grains, and serrated yield behavior corresponding with tensile properties. Little difference resulting from the effect of the prior deformation rate on tensile properties could be recognized among the five friction stirred specimens, nevertheless the tensile deformation resistance and uniform elongation tended to increase after FSP. In particular, the elongation was significantly improved due to the microstructure being refined during dynamic recrystallization. (2) For the specimens which were not given FSP, severe dislocation tangles introduced by prior deformation can be regarded as one factor which improved the crack propagation resistance and reduced the crack propagation rate. The vibration fracture resistance of the FSP specimens with different prior deformation rates and prior annealing heat treatment can be quantitatively correlated with the crack tortuosity value which corresponds to the crack propagation behavior. However, vibration fracture resistance was improved when the substrate was given a fully annealed prior heat treatment before FSP.
